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1.0 Intrcduction

The superconductivity program has been delayed experimen-
tally due to a ten month delay in obtaining a usable liquid
helium dewar. When delivery was made in March, it was found
that the dewar had several thermal sherts and was completely
unusable. It was sent back for complete reconstruction imme-
diately along with a defective liquid helium level indicator.
The dewar was returned on June 21 and has been used for two
test runs to date. The results are presented herein but are
somewhat inconclusive as yet. An-addendum to this report will
be submitted later on which will include the results and con-
clusions of future work that is planned.

During the waiting period for the dewag some attention was

diverted to a study of a multi-terminal Hall generator. This

study was quite intensive, and some interesting results were
uncovered which are described herein. The study included a
theoretical development which enables one to optimize parameter
values to maximize the generator efficiency.

Also during this interim period, measurements were made on
several magnetoresistbr configurations at liquid nitrogen tem-
perature. These measurements were made in the defective dewar
before it was sent back fof reconstruction. At that time the
dewar would not hold liquid helium but coculd be used with liguid
nitrogen where boil-off due to thermal-shorts was not as great.
However it was necessary to use relatively low magnetic fields

since a I 3/16" pole gap is required for the dewar tailsection.



2.0 Construction of Test Specimens

The following is a discussion of the techniques used in
constructing magnetoresistance and superconductive samples.
The experimental results for these samples is presented and
discussed in the following two sections.

2.1 Magnetoresistance Samples (Fig. 2.1):

All of the samples shown in Figure 2.1 were molded
under high vacuum using the apparatus shown in Figure 2.2.
The molds were machined out of ultra-high purity carbon with
the base block having the sample shape machined into it, and
the top block, machined flat to press the molten metal into
place. Of course, this apparatus is suitable only for flat
samples, but there is no foreseeable need for any type other
than this.

The entire apparatus was.placed into a vacuum chamber and
the heater current kept below that which would cause the metai
pellété to melt until out-gassing was complete and a vacuum of
10-6 torr was cbtained. The samples were allowed to cool suf-
ficiently under vacuum to prevent oxidation.

After the sample was removed from its mold, contacts were
éoldered on using standard coreless lead-tin solder or indium.
Either solder material proved equally successful when copper

. ; C v o1
wire was used. When an attempt was made to use niobium wire

lThis sample was intended to determine the effect of
eliminating the IR drop.in the circumferential contact of a
corbino disk, since Nb is a superconductor. ‘
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for the outer contact on a bismuth corbino disk, no more than a
poor and unsuitable physical contact could ke obtained because

of bonding difficulties inherent with this metal. A search of
the metallurgical field revealed that no relatively simple tech-
nigque is as yet known for bonding a low melting temperature metal
to niobium. Therefore, this sample has been abandoned, at least
for the time being.

2.2 Superconductivity Samples:

In addition to the superconductivity specimens des-
cribed earlier,2 one other has been constructed. This sample is
a six foot piece of 20 mil rniobium wire which has 500 turns of
insulated ZO mil copper wire co-axially wound around it’as a field
coil. The whole assembly was formed into a two inch diameter oil
to fit into the dewar tailsection.

This sample has not been discussed in previous reports and
has not yét been tested at liquid helium temperatures; therefore,
a discussion of what it is intended for will be included here.

The niobium wire is to be the high current conductor and
switch, while the copper winding will produce the contrecl field.
There are t° e ways this specimen can function as a switch at
4.2°K: 1) The sample could be placed in a DC magnetic field of
a magnitude just less than critical for niobium and then a small
AC current applied to the field winding to switch the niobium

wi;e in and out of superconductivity. 2) The current through the

2R Bechtel, W. W. Grannemann, "Magnetoresistance and Super-
conductivity for Appllcatlons for DC to AC Convereton,” PR-49,
UNM Technlcal Report




niobium, while in the superconducting state, could be adjusted
to just le:s than that required to drive the niobium normal
(see the discussion of filsbee's hypothesisB) and then switched
by a AC current in the field winding. 3) A combination of cur-
reat, DC magnetic field, and AC field from the field winding.
Thése three methods are sufficient to cover the various require-
ments that could develop from different applications. That is,
a compromise must be made between the desired magnitude of the
"on" (saperconducting) currenrt and "off" (normal) current, the
nermal resistance of the superconducting wire, theié% losses

in producing a DC magnetic field, and theigR.plus reactive
lossesrand generation losses in producing the AC magnetic field
in the field winding. Additional flexibility can be obtained
through choice of the superconductive wire from a selection of

several that are applicable; e.g., niobium, lead, vanadium, and

the various niobium-zirconium alloys.

3.0 Magnetoresistance Measurements at 80°k

The following is a discussicn of the experimenfal results
obtained at liquid nitrogen temperature for the bismuth samples
shown in Fig. 2.1. ALl measurements for these samples were made
in the special dewar, thus the maximum magnetic field obtainable
was 1l kilogauss due to the 1 3/16" gap>necessary for the tail-
section. None of the measuremeats indicated complete saturation

at this maximum field, however,

jBa J. Harper, R. Bechtel, W. W. Grannemann, "A Study of
the Hall Effect and Magnetoresistance for Low Voltage, High
Current, DC to AC Conversion," EE-96, UNM Technical Report.



A BT

vo MR R

Sample A:

This sample is the irregular shape magnetoresistor of the
type that demonstrated K (magnetoresistance ratio) values
nearly on a par with corbino disks when indium antimonide was
used at room temperature, This type configuration has a higher
current carrying capability than a corbino disk of comparable
¥ size. The maxim . K value measured was 63.3 at 14 kg. A plot
of K versus magnetic field is shown in Fig. %.1.

4 Sample B:

This sample is a standard corbino disk of comparable size
to sample A. The center conductor diameter is about one milli-
meter, and the overall diameter about 4 centimeters. A maximum
K of 71 was measured at 14 kg. Compare this with the value of
63.3 that was measured for sample A. The difference here is
only about 10 percent. However, sample A obviously could handle
much larger currents than sample B due to its greater contact
area.

A plot of magnetoresistance ratio versus magnetiz ficld is

shown in Fig. 3.2. Since this sample demonstrated such good

response, it was held over for test runs at liquid helium tempera-

% ture. These measurements are described in Section 4.
¥ Sample C:

This corbino was censtructed in order teo determine the

WM T 3
¥

effect on the magnetoresistance ratio of increasing the inner

P

Bt R R,

RN

2

conductor diameter. The measurements indicated that the magne-

toresistance was drastically decreased by this procedure. This

0
bl
¥
H

L
3
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further points out the importance of the results obtained for
sample A. That is, size for size a corbino disk cannot be made
to compare with the sample A configuration as far as current
carrying capability, without sacrificing the magnetcresistance
ratio.

A maximum K of only 6.7 was measured at 14 kg, as shown
in Fig. 3.3.

Sample D and E:

These samples were prepared in order to determine the effect
of shorting out the Hall voltage on a bar-type magnetoresistor.
Sample E has a lead shunt connected across_the sample; and there-
forg,it can also be used at superconducting temperaturés where
the lead would become a perfect shunt. The effect of this shunt
resulted in a 40 per cent increase in the magnetoresistance
ratio at 80°K and would undoubtedly show even more at 4.2°K.

A plot of K vérsus magnetic field is shown in Fig. 3.4 for
sample C and Fig. 3.5 for-sample D. Notice that the maximum K
for sample D was 84.5 at 14 kg, the highest vulue obtained for
all the samples. However, this sample was somewhat larger than
"sample B, the corbino disk, which could account for some of the
difference. |

4.0 Experiments at 4.2°K

Because of previously mentioned difficulties with the liquid
helium, only two short runs were possible of the several that
were planned. One of these involved a corbino magnetoresistor

and, the other a superconducting coil of niobium wire.
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4.1 Bismuth Corbino Disk at 4.2°k

The test run with a 4 cm diameter corbino (sample B) at
4.2°K was quite encouraging. As shown in Fig. 4.1, a plot of
K versus magnetic field, a magnetoresistance ratio of 1000:1
was obtained at a field of only 14 kilogauss. Too, the magne-
toresistance had still not saturated at this field.

Of additional interest is the extremely low off-field
resistance of this sample--125 micro-ohms. These factors would
make this samplé suitable in all respects for an inverter system.

4.2 Niobium Coil at 4.2°K

One abbreviated run was made with a coil wound with 160
inches of niobium wire. Use of a modulated field, as describéed
in a previcus report,u showed some evidence of.a switching
time that followed 60 cycles: however, no definite conclusions
were arrived at on this since the brevity of the run did not
permit extensive-analysis. However, it was found that the super-
conductivity to normal transition point could be adequately con-
trolled by either current f}ow or magnetic field or a combina-
tion of same. ‘

4.3 concluding Remarks on Inverter Possibilities

Considering the high vaiue of K that has been shown to be
“possible (1000:1 at 14 kg) and the extremely low resistance

(125 x lO—6 ohms), it would seem the magnetoresistor could well
be adaptable to.inverter application. IS a square wave magnhetic
field-could be obtained, quite respectable efficiencies could

be realized even at field strengths of less than 14 kilogauss.

n

Bechtel, Grannemann, p. 3
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It is probable, however, that the overall efficiency would be
anacceptably low if a square wave field is attempted by ordin-
ary means. An idea is being nurtured at this laboratory that
could surmount this problem.

This new technique would involve only small 12R loses and
would reduce to negligible the reactive losses and the liong
inductive rise and fall times. It involves a phenomena of
superconductivity that has yet to be exploited as far as is
known.

A study to deveiop this technique is being outlined and
will be submitted as a proposal.

5.0 The Multi-Terminal Hall Generator

5.1 Introduction

This chapter describes a study undertaken to maximize the
Hall generator efficiency. A mathematical solution is obtained
for a multi-terminal Hall generator, and an analytical techni-
que is developed for determining the optimum values of para-
meters to maximize the generator efficienéy.

An equivalent circuit is developed for single output, two
output, and N output—terminél Hall generators, and the effiéiency
expression is obtained as a function cf sample dimension, con-
ductivity and Hall coefficient of the material, and magnetic
field strength. Some of the results have been checked experi-
mentally with indium antimonide and fields up to 21.5 kilogauss.
An efficiency of 40% was obtained experimentally for a nineteen

output-terminal Hall generator.’

e e e
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In order to maximize the efficiency, it was found that the
mobility, mobility ratio, magnetic field strength, and the num-
ber of cutput-terminal pairs must all be maximized and the
impurity concentration must be minimized. It was also found
that the optimum load varies proportionally to the half power
of N, the number of output pairs.

5.2 Four Terminal Analysis

A Hall generator may be considered as a four-terminal
device that uses a magnetic field to couple the input and outpat.
The closest conventional component would be an ideal transformer
having a variable turns ratio directly proportional td magnetic
field. A Hall generator is a non-reciprocal bilateral device,
since both sides of the device may be energized and an output
will occur on the opposite side of the device, and its transfer
impedances are unequal.

The four terminal model of a one output-terminal Hall gene-
rator using proper sign convention of input and output voltage
and current for applied magnetic field is shown in Figure 5.1.

Two ‘basic equations for voltage and current are:

Z. I, 4+ 2..1 ' 5.1

Va 11%a 12%H

VH = Z211A + 2221H 5.2

where le is the resistance between the input electrodes when

 the Hall terminals are open-circuited, and 222 the resistance
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between the Hall electrodes when the input is open-circuited.

le and Z21 are the transfer resistances.
v
A
Z = = I. =20
11 In H
\Y
H
Z = — | I, =0
22 Iu A
5.3
v
A
Z = — | I, =0
12 Iy A
\Y
H
Z = — | I, =0
21 I, H

These are the impedances we have to consider in a four terminal

model of the Hall generator. 1In Figure 5.1, the input contacts

'TY

z -

|
N
| - 1a §T Vi
I N
Va !
Hz ‘(/> I 2
/

Figure 5.1 Four Terminal Model of the Hall
Generator
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cover the entire end faces. Input terminals 1 and 1' are
energized with the output terminals 2 and 2' left copen; then

the current density JA can ke writien as

I
= A
A ° wWe 5.4

where ;A = The total input current in X direction
W

Width of tne Hall generatoer

t Thickness of the Hall gererztor

From the relation J = OE, and equation 5.4%, we get

A B A
WE oE = 4~
and
\"
_Va N -
25, 7 1. T owt 5-5
Al =0
H

where 4 = Length of the Hall generator

o4 Conductivity of the Hall gererator
When current flows in X direction and magnetic field in Z direc-
tion, then the Hall voltage is developed in Y direction as shown

in Figure 5.1. From the Hall voltage expression, the transfer

impedance 221 may be obtained.

-8
.10 I_H
V. = ______I_{_!'_I___A____
H t
\Y/ 10‘8RH
Z = B = H 6
21 1. R 5-
Al =0



Now, the output terminals 2 and 2' are energized and the input

terminals 1 and 1'are left open. In the same way we A~~ _.ved

le, 222 car: be deriveq,
VA = .‘_I.Ii = W
22 I otl LT
IA =0 .

Here we assumed that the output contacts cover the entire end
faces. However, 222 for the point contacts of -output terminals
is usually several times higher than equation 5.7. Modi:7ing

equation 5.7, we write

_ KW
22 = otk 5.8

where K is a multiplication factor depending or the geometry
of the sLab. ‘

When current flows in minus Y-direction and the magnetic
field in Z-direction, then the Hall voltage is developég;in
‘minus X-direction differing from the sign convention esééblished

in Figure 5.1. Thus

-8
v _ -10 RHHIH
A o
and -8

Z = .Yl_\ = .:1_.0 RHH

12 I, £ - 5-9
I. =0 2
A

A four-terminal equivalent circuit of the Hall generator is

shown in Figure 5.2.

s e
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IA Zu Zu IH

1 +
Va ZaIn §> 2 Zula Yh

Figure 5.2. Equivalent Circuit of a.
Four-Terminal Hall Generator

The efficiency of the Hall generator, defined as the ratio of

output power to input power., is derived from the equivalent

circuit, Figure 5.3.

Zy ) 3 Za
“\AAA l VSNANAS
_I:\\ ‘ﬁjir\\ le is an absolute-
+ 4 4 value here,
Va -"n]aqg 2314 Re

Figure 5.3. Hall Generator Equivalent
© Circuit with a Load R,.
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Write two loop equations and solve for input and ocutput currents.

Z,,1 + 2,51

Va T Znia 12%u
0 = -2,,I, + (z22 + RL)IH 5.10
_ Va(Zy + Ry) 1
Iy = Z. .7 5-
A 211(299 + Rp) + 2925,
V.2 : :
A"21
I = - 5'12
H 2110290 + Rp) + 21525,

The power supplied to the Hall generator P, and the power output

A
Po are 2( )
v Z + R ’
211(2pp + Ry) + 2y
2 2
v ‘z
— 2 _ A 721 RL I
Po = Ig Ry = 2 5.1%

Z2),(Zy, + Ry) + 2oy

The efficiency, 7, of the Hall generatér with one output can

be obtained from equation 5.1i3 and 5.14.

: : g2
- 0 _ Z21 Ry
TTE, T (z R )‘z (2,, + R,) + 2 2]

A 22 ¥ RyI%11(%5; + Ry 21

o

5.15

Substituting the Hall generator parameters in equation 5.15, we

get the efficiency expression in terms o f sample dimensions,

Ll LSO
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Hall constant, conductivity and magnetic field.

(10" 8rur) 2 JEWLR

n = ~ - 5.16
(rw + atLRL)LKW + ctLRL + (1048§Ha)2wT

-

where:
R = BQE— , Hall constant in cm3/coulomb.
nec
H = Magnetic field in gauss
0 = Conductivity of the sample whe~ the magnetic field
H is perpendicular to the currernt, in mho—cm-'l
K = Multiplicatioﬁ factor of 222
t = Thickness of the sample ir cm
W = Width of the sample in cm
4L = Length of the sample in cm

R, = Load resistance in ohms.

5.3 8ix Terminal Analysis

A Hall generator with two cutput-termiral pairs may be

treated as a six terminal network (see Figure 5.4).

Figure 5.4. Six Terminal Model of the
- Hzll Generator
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The voltage and current equations fcr six terminal network shown

in Figure 5.4 are

Vi = 20Ty 4 2,0, 4 21313 5.17

Vy = ZoyIy 4 Zoyi, 4 22313 5.18

v3 = 2311: + 23212 + 2331e 5.19
where le, 222 and Z33 are driving point impedances, and 212,
221, 213, 231 are transfer impedances. sz and 232 may be called

coupling impedances between two output terminals. With the same
analysis as we did for a four terminal network in the previous

section, we can easily derive the following impedance equations.

Vi L
Z = - = ———
11 Il otw
12=13=o
2 = _\_,_].'. = :_]ig_R_‘H..
12 I, t
11=13=o
Z = .Y_.l.'. = .___._._..-. 10—8RH
13 I3 t
_ I,=1,=0
. = 2 _ 1078
21 I1 t
12=13=0

e s v W
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11—13=O
Z =‘]3 = lQ_:_B_R—}i
31 TI t 5.20
1, 13—0
VA -—V_a_ = _K_.vl_.
33 I3 otl
Il=12=0

The theoretical derivation of the coupling impedarces, 223 and

v

. . . . , - 2
Z32, is very complicated. 223 is defined by 223 Tg
1,=1,=0

which is the ratio of the voltage induced acrcss the output

terminals 2 and 2' due to the current I when current I flows

3" 3

through the sample as shoﬁn in Figure 5.1, the electric field

will be developed in minus Y direction.

2 3
l v L
yd
2 3

Figure 5.5. Equipotential Lines
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The equipotential lines intersecting perpendicularly the
electric field lines may be drawn as Figure 5.5. As the inter-
nal resistance measured across the output termiral is so small
that usually very small voltage drop occurs by the current flow-
ing through terminal 3-3', and a small pctential difference is
measureable across the terminali 2-2'. The values of Z23 and 232

are determined by experiment in this study.

—Ba G
Yz, A )

%RL ZR.
:32513
3

)
\N
o
H
-
2

FER

N
)
Ny
M
-

N

Figure 5.6. Equivalent Circuit of the
Six-Terminal Hall Generator

Currents Il' 12 and I3 can be derived from the equivalent

circuit, Figure 5.6, by writing loop equations

v, = 2

1 I1 + 2 + 2,31

11 1272 1313

o
]

-2y, 1, * (222 + RL) I, + 22313 5.21

O
n

23 T) + Z55T, + (z33 * Ry Iy

T W e
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Solving for I;. I2 and 13, we get

Y 2
L - vyl (g« )" - 2,57

I — N 2
L(Zpp + Rp) - Zp3213{Zy) + Ry) + 225,

v (222 + R+ z23)

= - Y] 5.22
ll( 9p * Rp + 223) + 222l
vV, Z
12 - 1 721 5 5.2%
ll(z22 + R+ z ) + 222l
vV, 2
1, = 1 21 — 5,24
11(222 + Ry + 2, ) + 2221

The output currents, 12 and 13, gre equal since equal Hall vol-
tages are devéloped across each output terminal, assuming that
the length to width ratio is greater than five and the loads
are the same. The total power output is the sum of the powers

delivered to each load, P and POZ” The power supplied to

01
the Hall generator PA and the power output POl and P02 are:
v 2(Z + + 2y ’
_ Yy (B + R+ Bps '
Pa = oy 2 5.25
211(222 + R+ 223) + 22y
2 2
Vi % R
2-2 5n26

l=
1211 (25, * Ry Zgs) + 225"



28

2 2 p

Z
1 %21 Ry | 27
= , ) 5
1211(Zpp + Ry + Z94) + 225 ]

2 2
2vl Z R

21 L

P =P + P = 5.28
total 01 02 { 2712

1211(20p * Ry + Zy3) + 22y ]

\Y

Po2 =

The efficiency of the two output-terminal Hall generator is the

ratio of total power out to power delivered to the generator

n = Ptotal
PA

N T At e

2
2Z21 RL > 5.29 3
(25, + R + 223)[211(222 + Ry o+ Zyx) + 2Z21—’] :

The efficiency in terms of the Hall generator parameters is given

by the equation

8RH)2 oot Ry .
5.30

2(107

‘n::
[KW + otL(RL + 223)]Exw + at&(RL + 223) + 2w(1o'8RHo)2]

5.4 Multiterminal Analysis

In sections 5.2 and 5.3, we have analyzed the Hall denerator
with one output-terminal and two output-terminals. From those
previous analyses, an equation for a general N output-terminal
Hall generator will be derived in this section. Figure 5.7

shows a N output-terminal Hall generator.

R U
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All output terminals are equally spaced, and direction of
the input current Il' and magnetic field Hz are in the X and 2
directions respectively. Assuming length of the Hall generator
is five times greater than width of the sample, the Hall voltages
developed across each output are the same except at the terminals

at each end due to the shorting effect by input terminal contacts.

Figure 5.7. N Output-Terminal
Hall Generator

When the loads are connected across each output terminal,
Hall currents will flow through the lcad and back to the sample
in such a direction that a voltage will be induced across the |
input terminal (in positive direction) by the relation of

RyHIy

VH = — where IH is the Hall current, RH is the Hall con-

stant, H is the magnetic field, t is the thickness and VH is the

induced Hall voltage across the input-terminal due to the Hall

current IH' If the resistance of the loads are all the same,
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all output currents would be the same, as the Hall voltages
across each load are the same. Therefore, the total voltage
induced across the input terminal by Hall current is the sum
of voltages induced by individual cutput Hall currents.

N eqguations may be derived for an N terminal device and
an equivalent circuit can be developed (see Figure 5.8). The

N equations are:

Vy = 20T + 2Ty Byalg b oo + 2.1,
V2 = 22111 + 22212 + 22313 4+ - + ZZnIn
5.31
vn = anIl + Zn212 + Zn313 S + ZnnIn
We may write'the Z parameters in a matrix form.
Zyy Zyp "I Z1n
Zyy Zpp TTTTTTTTIIS Zon
5.32
23y Zgp TTTTTTTTIOS Zan
%n1 %np T nn

The impedarces in the first column of the matrix ewcept

le are transfer impedances, and they are all the szme.

221 = 231 T e an = "'""—'.E"'*' 5'33

T e
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31

.
\ Z1,
t #12l, T T T
() Ealy V2
I
4 +I
Zal ) 9 Zn Ly
( qa)
— o L Zm
ER T N N A 1
_d)z;.l. | Qa1 e O 21
NZ,L. - -
; Qi %R* i R. 4R,
T(P?TIO g)z"l' A Z-rla

Fig. 5.8 Equivalent Circuit of an N
Output-Terminal Hall Generator.
without loads. b) with loads,

a)



Also the impedznces in the first ICW of the matrix except le

are the same.

P z,. = 3 5.34

le is a driving point impedance at the input terma%;l when all

output terminals are open circuited and has the L <72 expression

as equation H.5. T

2)) = Gut | 235

Z . {n=2, 3, --- n) impedances are the driving point impe-
dances at each output terminal witk 211 termrinals left oven,

and they are al. the same.

z . = %%Z . n=2, 3, --- n : 5.36
The rest of the impedances ir the matrix are coupliné impedances
between output terminals and depend on the relative éistance
between coupling terminals. The coupling impedance Zmn is neg-
ligibl= when m and n differ more than 3 foﬁ a narrow rectangu-
lar slab, and they were measured experimenially. \
Now we can simplify equation 5.31 by lumpirg all tﬁélSaMé

parameters and letting all output currents be Io (see Figure

5.8-b). o
Vy = 2y, + N2y,T 0 N = n-1 -
Vo = ZypI; + (422 + Zn) I, 5.37
vn = anll + (énn + ZT) In

T Yy
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where ZT is the sum of all coupling impedances and

I."-Iz: —————— :10

o

Figure 5.8-b is ar equivalent circuit of an n terminal

Hzll generator with the load RL connected acress each output

terminal. Since the output loops are all alike, only input

and one output lecep equations are derived here.

0 = -2,,I, + {222 + R+ 25) I,
Solving for Il‘and 12, we have

Vi(Zy + By Zy.)
legzéz + R+ zT) + NZ

2
i2

ViZa

12 = _— - 2
21,(%y, + Ry + 2Z) + NZy,

The power applied to the Hall generator is then

2
Vi© {2y, + Ry + Zg)
2,1(2y, + Ry + 2,) + NZ),

Pin Va7

2

and the power delivered to the output terminal 2 is

: 2 2
v.% g
b —1.23g 1 4 Ry

02 2

L 272
[211(222 + R+ Zp) + N2y, ]

5.38

5-.39

5.40

5.41

5.42

5.43
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The total power available to the loads is the sum of the power

delivezed to N loads.

it

2

Lan
o
e

2. 2
_ N2, Ry, "
= 772 5

Lzll(zzz + R+ Zp) + NZp,° |

The efficiency of the N output Hall generator is the ratio of

the total power output to the power supplied to the Hall generator.

' 2
Por _ vz, 2Ry
Pin (z,,+R +2 )LZ (z,,+R; +2_) + N2 2]
(2R 20 ) 219290 R 2y 12

M = 5.45

The efficiency in terms of Hall generator parameters is obtained

in equation 5.46.

N(lo'BRHH)2 RLGBtWL

n 5.46

n - [Kw+otL(RL+ZT)]LKW+otL(RL+ZT) + Nw(lo“BRHHc)Z]

where:
= Bzz— Hall constant in cm3/c6ulom‘
RH nec ' :
H = Magnetic field in gauss
o/ = Conductivity of a sample in mhos/cm
K = Multiplication factor cof Zys i
t,w,4 = Thickness, width, length of a sample in cm

!

Lcad in ohms

W v - -
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If the output terminals are shorted, R, = 0, we may get an
input voltage expression in terms of the number of ocutput term-

~inals shorted from equation 5.38 and equation 5.39.

2
NZy,

vV, =2 +
1 {255 + 2Zq)

I

11

I

vV, + SN 5.47

where Vo is the input voltage with all ouitput terminals open-
circuited, and S is a proportionality constant. Equation 5.47
shows that the input voltage is direétly proportional to the
number of outputs shorted for constant applied current and mag-
netic field, resulting in ircrease of the input resistance of
the Hall generator. The magnetoresistance of a semiconductor
is defined as the ratic of resistance of the material with mag-
netic field perpendicular to the current to‘the resistance of
the material without magnetic field. Hence, the magnetoresis- .
tance is increased by increasing the number of tsrminals which

short the Hall voltage along the material. The theoretical and

‘experimental curves for voltage input versus number of output

terminals shorted at room temperature is shown in Figure 5.9.

5.5 Optimizing the Parameters for Maximum Efficiency

From the expression for the efficiency, we are able to
determine the optimum operating conditions and the ideal mater-

ial parameters for the Hall generator. 1In principle, a set of
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Fig. 5.9 Input Voltage Variation with
Number of Output-Terminals Shorted.
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simultaneous equations can be obtained by partial differentia-
tion of equation 5.16 with respect to all the variables.

At first, the optimum load RL for which the efficiency of
the Hall generator becomes maximum is derived. For simplicity
of calculation, equation 5.15 is differentiated with respeét to

RL’ and the optimum value of the load is derived here.

)
Zy1
211%22

R, = 222 J 1+ 29 5.48

Since Z21 is smaller than both le and 222, we may take the

optimum load as equal to 222. Substituting this value in

equation 5.15, we obtain

2
n = 212
max 2
: 2[2211222 + 2,7 ]
1
= ~ 50“‘
2[4211222 1] ’
Z : ¥ -
12
where
22..2
l% 22 . ;BZK 5 in terms of Hall genera-
2,9 (10 RHHO)

tor parameters.



The efficiency can be increased by making the quantity

2K . .
———g 5 as small as possible, that is RHOH has to be

(107 RHH0)2

large. If we substitute RH = %E % ; in the above expression,

then )
R,OH = gz'uH 5.50

Equation 5.50 indicates that higher mobility and magnetic
fieilds are required for hlgher efficiency.
The Hall coefficient in terms of carrier concentration

and mobility ratio is

2
=T mb - p : 4.50
B (nb + p)? : -

R is high for a material with high mobility ratio b and low
inpufity concentration p for n-ty: . material.

The optimum conditions for ingle dﬁtput—terminai Hall
generator would hold for a multi-:=rm.rnal Ha'l generator except
the optimum load, which is directly proportional to the one
half power of N, number of output terminal pairs, for a given
sample dimensions and magnetic¢ field. The optimum load, RLo'
of an N output-terminal Hall—generator is found by differen-

tiating equation 5.45 with respect to Ry -

2 ,
NZ 2
2 12 %22
Rio ™ Jézz YT,
NZ ' l 10 HW
22 _ RH
~ Vg T Jrw 5.51

for N > 50

e e W -
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Substituting equation 5.51 in equation 5.46, the maximum effi-

ciency is ohtained.

8 RHHG)B 1/2 N3/2

ma [K + (107 RHa) Y% WZ]FK + (107 RH0)1/2 172 + (lO—8RHO')2N]

- 5.52

where ZT is neglected.

The efficiency goes to one at the limit of N,

lim _ (10~ RHc)3 1/2

N-e (10“8§H0)K1/2(1o RHG)2 -

The optimum operating conditions and the ideal material
parameters for the Hall genefator are:

1) High mobility

2) Low impurity concentration

‘3) High mobility ratio

4) High magnetic field

5) Large number of output-terminal pairs

5.6 Experimental Results

The Hall generator used in the experimepts was a thin
slice cut from a large ingot of InSb. The mobility and con-
ductivity at the roomvtemperatﬁre are 65,000 sz/volt;sec
and 200 mhos/cm respectively. The-magngtic fieid of 21.5
"kilbgauss and the input current of 10 milliampere wére used

for the experiment.



Lo

The conductivity of the sample was found experimentally by
measurinrg the voltage drop across the sample, keeping the input
current constant at 10 milliamperes for different temperatures
and magnetic fields. The experimental values were plotted and
compared with the theoretical values6 1n Figure 5.10 and Figure
5.11.

Figure 5.9 is a curve of the input terminal voltage against
N, the number of outputs shorted, at different fields. When the
field is zero, the ainput voltages do not vary with N. When a
field is applied, the input voltage varies proportionally with
N, and with higher fields the slope is stéeperu This indicates
that the input }esistance is greatly increased by shorting the
output.

Before the output is shorted, the electric fields due to
the charges accumulated on the edges of the sample equals the
Lorentz force exerted on the electrons, resulting in current
density lines being parallel to the edges of the sample. After
the outputs are shorted, the charges flow through the shorts
and unequalize the Lorentz force. Thus the current density
lines are bent at those regions wher~ the output is shorted

as shown in Figure 5.12.

6The theoretical values were calculated from the equations
derived by David L. Endsley and W. W. Grannemann. "A Theoreti-
cal and Experimental Analysis of a Hall Generator" TREE-27,
Engineering Experiment Station, University of New Mexico, pp,

13-16, 1959.
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Figure 5.12. Hall Generator with
Outputs Shorted

When the current lines bend, the cerriers have to travel a
longer path in the device. At the same time the cufrent‘compon—
ent in the Y direction produces a force oppcsing the carrier
drif£ in X direction. These effects increase the resistance of
the Hall device.

Nineteen output terminals were connected on the InSb slab
of length 2.5 cm, width 0.5 cm., and thickness 0.044 cm., and
the efficiency was measured experimentally for a different num-
ber of outputs. The multiple factor K in 2oy o 16 and the
total coupling resistance ZT of .5 ohm were obtained experimen-
tally. The experimental efficiency values are plotted apd com~

pared with theoretical values in Figure 5. 13.
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Theoretical curve when the icad is optimired for each N.

2) Theoretical curve when the load is optimized for N = 19. .
RL = 9 ohms.
3) Experimental curve for case 2), (RL = 9 ohms)
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Fig. 5.13 Efficiency Vaciation with the
Number of Qutput Pairs.
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5.7 Summary and Couclusions

£y, te AT Dy

In order to analyze a multi-terminal Hall generator, at

first an equivalent circuvit was develcped for a single output

1 Hall generator and treated as a four-terminal netw-~rk. The
efficiency equation is derived from the equivalent circuit in
terms of the circuit parameters which are dependent on the
dimens ion of the sample, characteristics of the material used,

and magnetic field.

Next, a two output-terminal Hall gereratocr was analyzed

TN ke AR 2

by treating it as a six-terminal network. Fiﬁally, a general
equivalent circuit was developed for the N out»nut terminal

. Hall generator.

In develcping an equivalent circ:it of aﬁ N output-terminal

Hall generator, a few assumptions were made: the Hall voltages

g

are the same at all outputs; the vcltages..isvelcped due to mis-

alignment of the output contacts are very small; and the out-

J T R T e

put currents are all the ;ﬁme. Also, the coupling impedahces

¢

between output terminals, Zmn' are determined experimentalily

and lumped in one parameter, ZT’

The optimum values ¢of parameters in the efficiency equa-

i tion were determined analytically and some of them were veri-

fied by éxperiment. These optimum conditions féi maximum

efficiency are: .

) 1)~ High mobility

2) Low-impurity concentration-
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High mobility ratio
High magnetic field

Large number of output terminal pairs

The experimental values are accurate £o within 10%. The maximum

efficiency of 40% for 19 output terminals was obtained experi-

mentally.

This can be increased to about 60% by increasing the

number of output-termminal to one hundred.

The multi-terminal Hall generator may be used as a DC to

AC inverter by applying an alternating magnetic field.

| + ot
G -3
L s —d H = Alternatin
E = Z &) B Magnetic
é _J% Ry A Field
H =
L7

Figure 5.14 Hall Generatcr as
a DC to AC Inverter

As showp in Figure 5.14, the’outputrterminals of the Hall

generator are connected to the primary coils of a transformer,

~of which-the secondary coil is connected to a load RL}L‘Each

—_— -
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! 'primary coil induces a voltage across the secondary coil so that
f the total voltage developed across the secondary coil is the sum
of voltages developed by each primary coil. The maximum effi-
ciency will be obtained by choosing the load properly such that
the impedance looking into each primary coil satisfies the opti-
mum load condition described earlier.
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